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ABSTRACT Transmembrane electrical activity in pitui-
tary tumor cells can be altered by substances that either
stimulate or inhibit their secretory activity. Using patch record-
ing techniques, we have measured the resting membrane
potentials, action potentials, transmembrane macroscopic ion-
ic currents, and single Ca2+-activated K channel currents of
GH3 and GH4/C1 rat pituitary tumor cells in response to
thyrotropin-releasing hormone (TRH). TRH, which stimulates
prolactin secretion, causes a transient hyperpolarization of the
membrane potential followed by a period of elevated action
potential frequency. In single cells voltage clamped and inter-
nally dialyzed with solutions containing K+, TRH application
results in a transient increase in Ca2 -activated K currents and
a more protracted decrease in voltage-dependent K currents.
However, in cells internally dialyzed with K+-free solutions,
TRH produces no changes in inward Ca2+ or Ba2+ currents
through voltage-dependent Ca channels. The time courses of
the effects on Ca2+-activated and voltage-dependent K currents
correlate with the phases of hyperpolarization and hyperexcit-
ability, respectively. During application ofTRH to whole cells,
single Ca2+-activated K channel activity increases in cell-at-
tached patches not directly exposed to TRH. In contrast, TRH
applied directly to excised membrane patches produces no
change in single Ca2+-activated K channel behavior. We
conclude that TRH (t) triggers intracellular Ca2+ release,
which opens Ca2 -activated K channels, (it) depresses voltage-
dependent K channels during the hyperexcitable phase, which
further elevated intracellular Ca2+, and (iii) does not directly
modulate Ca channel activity.
The electrical activity of rat GH pituitary tumor cells has
been shown to be modulated by substances that also regulate
their secretory activity (1-6). Thyrotropin-releasing hormone
(TRH) is known to trigger the release of prolactin from GH
cells in culture (7). TRH also causes an increase in action
potential frequency in spontaneously active cells and induces
firing in quiescent cells (1-3). Other observations include a
transient hyperpolarization (4) and an increase in action
potential duration (5, 6) in response to TRH. Measurements
of membrane resistance changes during TRH application
suggest a transient decrease followed by a longer-term
increase in membrane resistance most likely associated with
changes in K conductance (4). The exact nature of these
resistance changes is of interest in view of the possible
involvement ofmembrane electrical responses in stimulus-se-
cretion coupling.
Changes in calcium permeability via voltage-dependent Ca
channels have been implicated by some investigators in the
mechanism ofTRH action to promote prolactin secretion (8,
9). Other laboratories have suggested that a TRH-induced
release of intracellular Ca2" represents the main event in
stimulus-secretion coupling in these cells (10-16). We sought
to examine the effects of TRH on the various voltage-
dependent channels found in GH cell membranes by voltage
clamping single cells in culture and measuring their responses
to TRH. Previously we have characterized the individual
currents that contribute to action potential activity in GH3
and GH4/C1 cell lines under voltage clamp conditions in the
absence of TRH (17). In this paper we report that TRH
produces a transient increase in Ca2l-dependent K current,
IK(Ca), a longer-lasting decrease in voltage-dependent K
current, IK(V), and no change in Ca channel current. These
findings suggest that a direct modulation of Ca channels by
this secretogogue is not involved in stimulus-secretion cou-
pling of prolactin release.
MATERIALS AND METHODS
GH3 pituitary tumor cells were obtained from the American
Type Culture Collection and a subclone, GH4/C1, was kindly
provided by Priscilla Dannies (Yale University). Cell cultures
were maintained at 370C in an atmosphere of 95% air/5%
CO2. The culture medium was Ham's F10 supplemented with
15% heat-inactivated horse serum, 2 mM glutamine, 6 mg of
glucose per ml, and 20-50 gg of gentamycin per ml. In
addition, the medium for GH3 cells contained 2.5% fetal
bovine serum. Cells were plated onto glass or plastic
coverslips for electrophysiology and experiments were per-
formed 2-10 days later. Recordings of membrane currents
and voltage were obtained from single cells by using "giga-
seal" patch electrode techniques (18), as reported previously
from this laboratory (17). All configurations of patch elec-
trode recordings were employed. Stimulation and data ac-
quisition were accomplished at 12-bit digital resolution via a
PDP 11/03 computer system interfaced directly to the patch
clamp. Leakage and capacitative currents were digitally
subtracted by using a -P/4 averaging protocol in whole cell
voltage clamp experiments. Single channel recordings uti-
lized an analog FM cassette tape recorder. Solution junction
potentials were compensated in each experiment. The extra-
cellular recording solution contained 150 mM NaCl, 5 mM
KCl, 2 mM CaCl2, 1.3 mM MgCl2, 10mM glucose, and 10mM
Hepes buffer. Tetrodotoxin (TTX) at 0.3 ,uM was used to
block current through Na channels. The intracellular solution
contained 130 mM potassium aspartate, 20 mM KCl, 10 mM
glucose, and 5 mM Hepes. Aliquots were usually sup-
plemented with 2 mM MgATP, 2 mM glutathione, 0.6 mM
cAMP, and 1.4 mM cGMP. Solutions used to record Ca
channel currents are given in Fig. 2. Intracellular and extra-
cellular osmolarities were adjusted to approximately 295 and
300 mosM, respectively. TRH was purchased from Peninsula
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Laboratories (San Carlos, CA) and dissolved in extracellular
solution at a concentration of 1 gM. Application to GH cells
was via pressure ejection (19) from a glass pipette with a 2-,um
opening positioned within 200 ,tm of the cell under study.
Pressure pulses of 5-10 psi (1 psi = 6.89 kPa) for 5 ms were
usually applied. In some instances longer pulse durations and
lower TRH concentrations were employed with similar
results.
RESULTS
TRH Effects on Membrane Potentials and Electrical Activ-
ity. Spontaneous action potential activity was detected in
46% of all cells from which intracellular recordings were
made (n = 90) and in 55% of all cells monitored with on-cell
patches (n = 73). Intracellular action potential activity tended
to subside within several minutes after rupture of the mem-
brane for whole cell recording. This is most likely associated
with the "rundown" of Ca currents, which are the major
contributor to these action potentials (17). Both the Ca
currents and Ca action potentials were partially stabilized
when cAMP, cGMP, MgATP, and glutathione were added to
the intracellular solution. Nevertheless, spontaneous action
potential activity usually subsided 6-8 min following access
to the intracellular compartment. Measurements of spontane-
ous electrical activity and TRH responses in GH4/C1 cells
were identical to those in GH3 cells; thus, the two cell lines
were used interchangeably during investigations of the TRH
effects on ionic currents.
A typical intracellular recorded voltage response of a GH3
cell to TRH is illustrated in Fig. 1A. This cell exhibited
irregular spontaneous activity prior to TRH application. The
transient application of TRH caused a prominent hyperpo-
larization lasting about 20 s, which was followed by action
potential activity at a higher frequency than before TRH.
This increased action potential frequency persisted for 2-4
min. In 65% of the cells examined (n = 49), TRH produced
a similar initial hyperpolarization varying in magnitude from
3 to 20 mV and lasting 10-30 s. Fifty-six percent of the cells
tested also responded to TRH with an increase in action








FIG. 1. TRH effect on membrane potential and action potential
activity. (A) Membrane potential recording in whole-cell configura-
tion. TRH at 1 1LM was applied for 5 ms at the arrow. The membrane
potential immediately hyperpolarized by 20 mV and the cell began to
fire action potentials more frequently. On other cells, pressure
ejection applications of the external solution without TRH produced
no changes in membrane potential or in action potential activity. (B)
On-cell recording of spontaneous action currents. TRH caused a
transient outward current followed by increased current oscillations
and action current activity. Inward current is up in this trace. Pipette
and external solutions were identical. TTX was not used.
extracellular action currents were monitored with on-cell
patches. In these cases, TRH caused a transient outward
current corresponding in time with the hyperpolarization
seen with intracellular increased action current frequency
(Fig. 1B). This response was observed in 10 of 38 on-cell
patches.
Resting membrane conductance measurements were at-
tempted in several cells by injecting hyperpolarizing current
pulses and monitoring the resultant passive voltage change.
Cells exhibiting action potential activity were discarded as
the measurements were contaminated by conductance in-
creases associated with voltage-dependent channels during
the spikes and afterpotentials. During the 30-s hyperpolariza-
tion response to TRH, membrane conductance consistently
increased. In addition, in five cells with stable membrane
potentials the membrane conductance decreased during the
subsequent 1-2 min. These findings confirm that the response
to TRH in internally dialyzed GH cells is essentially identical
to that reported by others using microelectrode techniques
(1-6).
TRH Effects on Macroscopic K Currents. Our previous
voltage clamp studies (17) have revealed that GH cells
possess two kinetically distinct outward K currents: a volt-
age-activated K current, IK(V), which activates rapidly and
inactivates to a nonzero steady-state level, and a Ca2+_
activated K current, IK(Ca), which activates more slowly,
usually continuing to rise during long (185 ms) voltage steps.
Both currents are present in variable amounts in any cell (17)
and can be adequately distinguished by their time courses.
Attempts to consistently separate these currents by using
pharmacological agents proved unsuccessful. In particular,
no selective blocker of IK(V) could be found. Effects ofTRH
on the two populations were thus distinguished by (i) choos-
ing cells that exhibited a predominance of one current type
over the other and (ii) taking peak IK(V) values 10 ms after the
beginning ofa voltage step and taking IK(Ca) values at the end
of a 185-ms voltage step, at which time the voltage-dependent
channels had substantially inactivated.
TRH induced distinct changes in each of these K currents.
During the first 30 s following TRH application, IK(Ca)
increased and promptly returned to normal amplitude (Fig.
2A). We observed a large clear increase in IK(Ca) in 8 of 38
cells (mean increase = 50%), whereas small increases were
seen in many other cells. The average time course of the large
changes in IK(Ca) is plotted in Fig. 2D. The effect was
transient and correlated in time with the hyperpolarizations
seen in current clamp (Fig. 1A). The increase was followed by
a period of decreased current, which is most likely not a true
reduction in IK(Ca) but rather a decrease in total outward
current due to a decrease in IK(V), as described next.
TRH causes a reversible slowing of onset and decrease in
amplitude of the voltage-activated K current, IK(V) (Fig. 2B).
A TRH-induced decrease in IK(V) was observed in 47% of the
cells tested (n = 38). The decrease in amplitude was most
prominent immediately after the voltage step during peak
outward current (mean decrease = 32%). The time course of
the outward current 40 ms after the depolarizing step was
unchanged by TRH. In a few cells TRH depressed only the
initial peak outward current. The average time course of the
TRH-induced decrease in peak K current and its slow
recovery is illustrated in Fig. 2D. This time course correlates
with the period of increased action potential firing observed
in nonvoltage-clamped GH cells exposed to TRH (Fig. 1).
Since voltage-dependent K channels inactivate in GH
cells, we examined the possibility that TRH acts on IK(V) by
shifting channels into the inactivated state. The voltage
dependence of inactivation of IK(V) was therefore measured
in seven cells by using a two-pulse protocol with a variable
prepulse amplitude (17). No changes in the inactivation-
voltage relation were observed following TRH, suggesting
Neurobiology: Dubinsky and Oxford











FIG. 2. TRH effects on membrane ionic currents. Currents were monitored by voltage steps to +24 mV, from a holding potential of -60
mV applied repetitively at 17-s intervals, which were judged sufficiently long to prevent spontaneous changes in IK(V) due to cumulative
inactivation. (A) TRH caused a transient increase in the slowly rising IK(Ca). Outward current responses to three consecutive pulses are shown.
TRH was delivered in the 17 s between the current traces marked Initial and TRH. The recovery trace followed the TRH trace. All subsequent
current traces were stable. IK(V) was not prominent in this cell. (B) In another cell TRH caused a slowing of onset and decreased amplitude
in IK(V). TRH was delivered within the 17 s between the initial and TRH traces, whereas recovery occurred nearly 2 min later. (C) TRH did
not cause any changes in Ca2' or Ba2+ currents. Inward Ba2+ currents are shown for three consecutive voltage pulses, 8 s apart. TRH was
delivered after the first pulse shown, producing no changes in the current magnitude or kinetics. External solution contained (in mM) 130 Na+,
150 Cl-, 14 Cs', 14 aspartate-, 10 glucose, and 10 Hepes; TTX was at 0.3 ,uM. Internal solution contained (in mM) 150 Cs', 130 aspartate-,
20 Cl-, 20 glucose, 10 Hepes, 2 MgATP, 0.6 cAMP, 1.4 cGMP, and 2 glutathione. (D) Time courses of TRH effects on IK(Ca) (o, n = 8), IK(V)
(o, n = 17), and ICa or IBa (A, n = 11) measured in different cells. IK(Ca) amplitude was measured 185 ms after onset of the voltage step for
each pulse and normalized with respect to the amplitude for the first pulse in the series. Both IK(V) and 'Ca amplitudes were measured 10 ms
after onset of the voltage step and similarly normalized.
that the effect does not involve an alteration of the inactiva-
tion process.
Ca Channels and TRH. Considering the evidence that
voltage-dependent Ca channels may provide a pathway for
the rise in intracellular Ca2' associated with prolactin release
(8, 9), we tested for an effect ofTRH on Ca channels. Inward
Ca channel currents carried by either Ca2+ or Ba2+ were
examined in cells dialyzed with Cs to reduce opposing
outward currents and bathed in TTX to block Na channels.
Under these conditions, TRH application caused no signifi-
cant changes in the inward current through Ca channels (n =
11) measured at various membrane potentials. An example of
inward Ba currents before, during, and after TRH application
is shown in Fig. 2C. The stability of Ca or Ba currents from
11 cells exposed to TRH is shown in Fig. 2D. It therefore
appears unlikely that TRH enhances prolactin secretion or
alters electrical activity in GH cells via a direct effect on Ca
channels.
TRH Effects on Single Ca21-Activated K Channels. Experi-
ments measuring single Ca2+-activated K channel currents in
inside-out and outside-out patches were performed to assess
possible direct effects of TRH on this population. Large
conductance channels were recorded in inside-out patches
from GH cells and were sensitive to the Ca concentration in
the solution bathing the inside of the membrane (Fig. 3A), as
is found in other preparations (20-22).
Assuming that TRH interacts with its receptor at the
external membrane surface, we tested effects of TRH on
these large conductance channels in outside-out patches.
TRH applied to the extracellular surface of these patches (n
= 4) produced no changes in single channel current ampli-
tudes at any fixed potential, as exemplified in Fig. 3B. These
channels had conductances greater than or equal to 96 pS,
which also did not change with TRH (Fig. 3C). The percent-
age of time these channels spent in the open state was
determined by dividing the data record into segments and
integrating the single channel events in each segment. No
changes were detected in the open state probability following
TRH exposure. As a control, TRH-free external solution was
applied to another outside-out patch and similarly produced
no changes in single channel activity.
As no effects of TRH applied directly to the extracellular
surfaces of individual single channels were observed, it
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FIG. 3. Single Ca2+-activated K channels recorded before and
after TRH application. (A) Calcium sensitivity of a large conductance
Ca2+-activated K channel recorded from an inside-out patch of GH
cell membrane. Patch of membrane was positioned close to the
solution inlet and the solution was switched from one containing
Ca2' buffered to 1 ,uM to one containing 11 mM EGTA and 0 Ca2+
and then back again. The low Ca2+ solution was also contained in the
patch pipette. Two-minute intervals during the solution changes were
omitted. Single channel conductance of this channel was 166 pS. The
voltage applied across the patch was +30 mV (inside relative to
outside). (B) Large conductance channels recorded from an outside-
out patch before (top) and immediately after (bottom) TRH. No
voltage in addition to the junction potential was applied across this
patch of membrane. Outward current is up in A and B. (C) Single
channel current-voltage plot for the patch illustrated in B. No
changes were observed in single channel conductance (98 PS) before
(o), immediately after (o), or 10 min after (A) TRH application.
Voltages on the abscissa represent applied potential relative to the
junction potential.
TRH might arise from an increase in cytoplasmic free Ca2",
which would, in turn, increase the probability of channel
opening (20-22). Such an increase could not be due to an
increase in inward Ca current as no changes in ICa were
observed (Fig. 2 C and D). Rather, it might be a consequence
of the release of Ca from intracellular pools triggered by
TRH. Such a mechanism has been suggested for certain
exocrine cells (23, 24) and for GH cells (10-16, 25).
To examine this possibility, we recorded the response of
single Ca2+-activated K channels in on-cell patches to TRH
applied to the remainder of the cell membrane not isolated by
the patch electrode. Under this condition ifTRH triggers the
release of intracellular Ca2 , the probability of Ca2+-
activated channels opening will increase in the patch not
FIG. 4. Increase in the probability of single Ca2l-activated K
channel opening in on-cell membrane patches in response to TRH
application to nonpatch cell membrane. On-cell recording of large
and small conductance channels (A) and several large conductance
channels (B). The patch pipette contained intracellular solution (no
additions) and was held at +20 mV relative to the junction potential.
Upward directed currents represent single channels contained in the
patch conducting into the cell. Note the burst of single channel
activity following TRH application (arrow). TRH at 0.1 gM was
applied for 100 ms in B.
directly exposed to TRH. This phenomenon is illustrated for
two cells in Fig. 4. In Fig. 4A, two types of single channel
events can be discerned prior to TRH application-a large
amplitude event (-8 pA) and a smaller one (-2 pA).
Following a briefTRH exposure, the activity of both channel
types increased. The large conductance channels responded
with a brief burst of openings 5 s after TRH, whereas the
activity of the smaller conductance channels increased dra-
matically during the 30 s following TRH. Moreover, whereas
only two small conductance channels were distinguishable
from overlapping openings during a 1.5-min control period, at
least five were seen following TRH. Assuming five small
conductance channels in the patch, we calculate a 4-fold
increase in the open-state probability from 0.046 to 0.187
during the 15-sec period after TRH.
In another cell (Fig. 4B) the large conductance channels
predominated and TRH again increased the opening prob-
ability (0.043-0.145). Both channel types in all cells were
identified as K channels on the basis of observed reversal
potentials. TRH responses were observed in 6 of 12 on-cell
patches, a percentage that agrees well with the observations
of membrane hyperpolarization and macroscopic IK(Ca).
Though further experiments are required to quantify the
response of these channels to Ca2+ and to TRH challenges,
it seems clear that TRH can trigger the requisite channel
activity for membrane hyperpolarization.
DISCUSSION
We have demonstrated that the voltage response of single
intracellularly dialyzed GH pituitary tumor cells to TRH is
essentially identical to that determined previously by using
microelectrode techniques (1-6). This observation supports
the feasibility of studying the action of secretogogues on cells
during exchange of internal ionic constituents, a procedure
that might be expected to result in the loss of responsiveness
due to dilution of putative cytoplasmic factors involved in the
response. Though we have verified in separate radio-
immunoassay experiments that prolactin release from our
cultures is stimulated by TRH (26), it is not yet practical to
measure prolactin release directly from single cells under
electrical recording conditions to verify that the full sequence
of events can still occur.
The present study provides evidence for the ionic basis of
the voltage responses of GH cells to TRH. We have dem-
onstrated two distinct effects of TRH on K currents in GH
cells. Each effect is temporally correlated with a character-
istic membrane potential response to TRH, with recent
measurements of changes in intracellular Ca levels using
photometric methods (11-13) and with a component of the
biphasic time course of prolactin release measured in GH
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cells in column suspensions (11). We have found no changes
in the magnitude or voltage dependence of Ca channel
currents during application ofTRH. Our results indicate that
possible involvement ofCa channels is likely to be an indirect
consequence of increase in the frequency and duration of
action potentials following exposure to TRH.
Initially, TRH causes a transient increase in IK(Ca). The
single channel measurements in both excised and on-cell
membrane patches demonstrate that this effect is probably
secondary to a rise in intracellular Ca2" due to release from
an internal compartment. Measurements of changes in fluo-
rescence of intracellular Ca-sensitive indicators in GH cells
(11-13) indicate that in the resting state the normal intracel-
lular Ca concentration ranges from 0.04 to 0.4 ,M, a level just
below the range of Ca sensitivity of the large conductance
Ca2+-activated K channel (20-22). TRH application pro-
duces a rapid increase of intracellular Ca, to between 0.1 and
1 ,uM (11-13), a concentration sufficient to substantially
activate these channels and increase their open-state prob-
ability (20-22). The measured increase in intracellular Ca
exhibits two phases. The transient phase returns to normal
levels between 30 s and 1 min after TRH application (11-13),
whereas the second is sustained for several minutes at a level
slightly above basal concentrations (11, 13). Since we mea-
sured no increase in Ca current in response to TRH, the initial
increase in intracellular Ca concentration most probably
reflects release from intracellular pools (10-16, 25). Mecha-
nistic details of this initial sequence are not known but may
involve changes in phosphatidylinositol metabolism (27-29).
The time course of an initial phase of TRH-induced prolactin
release m4y correspond to this period of elevated internal Ca
(11, 26). In addition, variability in the TRH-induced fluores-
cence response of single GH3 cells in a given microscopic
field has been reported (13), which agrees with the variability
of electrophysiological responses seen among cells in a given
experiment. The similarities in the time courses of the early
rise in intracellular Ca, the transient increase in IK(Ca), and
the transient hyperpolarization prompt the suggestion that
these three events occur sequentially following TRH stimula-
tion.
TRH subsequently produces a longer-lasting decrease and
slowing of IK(V) that is likely responsible for the delayed
phase of increased action potential activity and duration. A
secondary tonic phase of prolactin release is also observed in
this same time period (11, 26). During this period ofprolonged
and repetitive action potentials, voltage-dependent Ca chan-
nels would have an increased opening probability due to the
increased fraction of time the cell membrane spends in a
depolarized state. The increase in intracellular Ca2+ during
this phase maintains the prolactin release above basal levels.
This view is consistent with reports that Ca channel blockers
reduce the rise in Ca2' and the sustained phase of prolactin
release and that reduction in extracellular Ca2+ concentration
blocks the delayed increase of intracellular Ca2+ measured
photometrically (11). Further experiments are required to
determine whether the TRH effect on voltage-dependent K
channels results from direct binding to channel proteins or a
more complicated sequence of events.
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